The proto-oncogene c-myc encodes a transcription factor of the basic helix-loop-helix leucine zipper family of proteins and has been implicated in the regulation of cellular proliferation, differentiation, and apoptosis (5, 24, 25, 48, 72) . The Myc protein must dimerize with another basic helix-loop-helix leucine zipper protein, Max, to bind the DNA sequence CA CGTG (the E box) and activate transcription from adjacent promoters (3, 35) . In contrast to Myc, Max can also form homodimers or heterodimers with members of the Mad family of proteins (7) . In summary, the Myc, Max, and Mad proteins form a network that regulates gene expression, proliferation, apoptosis, and differentiation. Several target genes of this network have been identified; they include genes for alpha-prothymosin (12, 22, 29) , ornithine decarboxylase (9), Cdc25A (27) , cyclin D2, cyclin-dependent kinase (CDK) 4 (CDK4), and others (31, 35) .
Myc genes are differentially expressed during embryonic development (21) and, with few exceptions, proliferating postnatal tissues express Myc (41) . Ectopic expression of the Myc oncoprotein prevents cell cycle arrest in response to growthinhibitory signals, differentiation stimuli, or mitogen withdrawal. Moreover, Myc activation in quiescent cells is sufficient to induce cell cycle entry in the absence of growth factors. Thus, Myc transduces a potent mitogenic stimulus but, at the same time, induces apoptosis in the absence of survival factors (35) .
Deregulated c-myc expression can play a causal role in the genesis of several types of murine and human malignancies (5, 24, 25, 72) . The proto-oncogene c-myc has been implicated in the genesis of diverse human tumors, including squamous cell carcinoma (2, 13, 26) , lung carcinoma (40) , breast carcinoma (42) , and rare cases of colon carcinoma (6) . The tumorigenic effects of Myc have been generally attributed to sustained effects on cellular proliferation and differentiation (41) . In fact, Myc plays a key role in cellular proliferation as a positive regulator of G 1 -specific CDKs, in particular, cyclin E/CDK2 complexes (44) . In addition to activation of the c-myc gene through deregulated gene expression, point mutations in the coding sequence have been found in translocated alleles of c-myc in Burkitt's lymphomas (10) .
In the last few years, the role of Myc in carcinogenesis has been widely studied; however, the connection among Myc, Ras, and cell cycle progression is not well understood. The participation of the Ras pathway in the stabilization of the Myc protein was recently established (62, 63) . Also, a connection between Myc and cyclin D2 expression and, more recently, with CDK4 expression was reported (17, 18, 36) . It has also been reported that in colorectal carcinomas, there is a strong correlation between the overexpression of Myc and the aberrant expression of CDK4 (6, 23, 36) . It has been proposed that the proliferative and oncogenic roles of Myc are linked to its ability to induce the transcription of CDK4, cyclin D1, and cyclin D2 (36) , which inactivates the product of the Rb tumor suppressor gene; this hypothesis provides a link between Myc and the CDK4/cyclin D1/pRb pathway in some malignant tumors (32) .
Several in vivo models of Myc overexpression have demonstrated that the transgenic expression of Myc in the basal and suprabasal cell layers of stratified epithelia and in stem cells leads to hyperplasia, increased epidermal thickness, and proliferation (52, 61, 69, 70) . In particular, Myc transgenic mice developed in our laboratory with the K5 promoter (K5-Myc) showed epithelial neoplasia in the skin as well as oral mucosa (60, 61) . Also, the overexpression of Myc in B lymphocytes of E-Myc transgenic mice resulted in the development of Burkitt-type lymphoma with a latency of 6 months (1).
A previous report by Miliani de Marval et al. also demonstrated that the forced expression of CDK4 in the epidermis of transgenic mice resulted in a similar phenotype: hyperproliferation of the basal cell layer of the epidermis, hypertrophy, and increased epidermal thickness (46) . In addition, these mice showed a high rate of malignant progression of chemically induced tumors (47) . Also, the expression of a mutant form (CDK4-R24C) which lacks the capacity to bind p16
Ink4a resulted in a wide spectrum of tumors, with the most common being lymphomas, endocrine tumors, and hemangiosarcomas (55, 65) . The involvement of CDK4 in the neoplastic process was also suggested by the fact that CDK4 amplification and/or overexpression were detected in human glioblastomas (34) . In addition, CDK4 mutations were identified in patients with familial melanoma (73, 76) and, more recently, the amplification and overexpression of CDK4 were detected in sporadic breast carcinomas (4) and sarcomas (39) .
Hence, the objective of this project was to examine the role of CDK4 in c-myc-induced tumorigenesis. Here we have demonstrated that the lack of CDK4 expression in Myc transgenic mice results in the complete inhibition of tumor development and suppression of the epidermal phenotype observed in K5-Myc mice. We have also determined that c-myc induces aberrant expression of CDK4, which sequesters the CDK inhibitors (CKIs) p21
Cip1 and p27 Kip1 , leading to an indirect increase in CDK2 kinase activity. These results demonstrate that CDK4 can be a target for therapeutic intervention in Myc-mediated tumorigenesis.
MATERIALS AND METHODS
Mouse experiments. K5-Myc transgenic mice were developed in an FVB background and backcrossed into an SSIN (Sencar) genetic background (61) . CDK4-and cyclin D2-null mice were developed by targeted disruption in a C57BL/6 background and further backcrossed into an SSIN genetic background for two generations (58, 64, 67) . K5-Myc transgenic mice (line MM5) were crossed with mice heterozygous for CDK4 (CDK4 ϩ/Ϫ ) to generate K5-Myc transgenic mice heterozygous for CDK4 (K5-Myc/CDK4 ϩ/Ϫ ). These mice were bred with CDK4 ϩ/Ϫ mice to generate K5-Myc transgenic and nontransgenic mice that were either homozygous, heterozygous, or nullizygous for CDK4. The same strategy was used to generate K5-Myc mice nullizygous for cyclin D2 (64) .
BrdU incorporation. Epithelial cell proliferation was measured by intraperitoneal injection of bromodeoxyuridine (BrdU) (60 mg/g of body weight) 30 min before the mice were sacrificed. BrdU incorporation was detected by immunohistochemical staining of paraffin-embedded sections with mouse anti-BrdU monoclonal antibody (Becton Dickinson Immunocytometry Systems, San Jose, Calif.). The reaction was visualized with a biotin-conjugated anti-mouse antibody (Vector Laboratories, Inc., Burlingame, Calif.) and an avidin-biotin-peroxidase kit (Vectastain Elite; Vector Laboratories, Inc.) with diaminobenzidine as the chromogen. Interfollicular basal cells were examined microscopically to determine the numbers of unstained and stained cells. At least 1,000 cells were counted per section.
Western blot analysis. The dorsal side of the mice was shaved, treated with a depilatory agent for 1 min, and then washed off. The epidermal tissue was scraped off with a razor blade, placed in homogenization buffer (50 mM HEPES [pH 7.5], 150 mM NaCl, 2.5 mM EGTA, 1 mM EDTA, 0.1% Tween 20; 1 mM dithiothreitol [DTT], 0.1 mM phenylmethylsulfonyl fluoride, 0.2 U of aprotinin/ ml, 10 mM ␤-glycerophosphate, 0.1 mM sodium vanadate, 1 mM NaF [pH 7.8]), and homogenized by using a manual homogenizer. The epidermal homogenate was centrifuged at 10,000 ϫ g in order to collect the supernatant, which was used directly for Western blotting analysis or stored at Ϫ80°C. The protein concentration was measured with a protein assay system from Bio-Rad Laboratories, Richmond, Calif. Sodium dodecyl sulfate sample buffer was added to each sample and boiled for 5 min. Protein lysates (25 g) were electrophoresed through acrylamide gels and electrophoretically transferred to nitrocellulose membranes (Bio-Rad). After being blocked with 5% nonfat powdered milk in Dulbecco's phosphate-buffered saline (Sigma Chemical Co.), the membranes were incubated with specific antibodies. The following antibodies were used: rabbit polyclonal antibodies against CDK4 (C22), CDK2 (M2), and CDK6 (C21) (all from Santa Cruz Biotechnology, Inc., Santa Cruz, Calif.); rabbit polyclonal antibody against cyclin D1 (Ab-3) (Lab Vision Corp./Neo Markers, Fremont, Calif.); and horseradish peroxidase-conjugated secondary antibody (Amersham Corp., Arlington Heights, Ill.). Enhanced chemiluminescence (Pierce Biotech, Inc., Rockford, Ill.) was used for immunoblotting detection. Bioimage analysis was used to quantify the levels of expression of the proteins.
Immunoprecipitation and kinase assays. Fresh protein preparations (250 g per sample) from epidermal tissue were immunoprecipitated for 2 h at 4°C with protein A-agarose beads and specific antibodies and washed three times with homogenization buffer described above. Immunoprecipitates were electrophoresed through acrylamide gels and electrophoretically transferred to nitrocellulose membranes. After being blocked with 5% nonfat powdered milk in Dulbecco's phosphate-buffered saline, the membranes were incubated with specific antibodies. Antibodies to the following were used: CDK4 (C22), CDK2 (M2), p21 (M19), and p27 (M197) (all from Santa Cruz Biotechnology); cyclin D1 (bcl Ab-3) (Lab Vision Corp./Neo Markers); protein A-Sepharose beads (Life Technologies Inc., Grand Island, N.Y.); and horseradish peroxidase-conjugated secondary antibody (Amersham). Enhanced chemiluminescence (ECL detection kit; Amersham) was used for immunoblotting detection.
To study the kinase activities of CDK2 and CDK4, protein lysates were obtained as described above, but the homogenate was frozen on powdered dry ice, thawed in ice water, incubated on ice for 15 min, and centrifuged at 10,000 ϫ g for 30 min at 4°C. The supernatant was collected and used for a kinase assay. Protein lysates (250 g) were immunoprecipitated with antibodies against CDK2 or CDK4. Antibody-precoated beads (30 l) were incubated with the lysates for 1 h at 4°C. The beads were washed twice with NP-40 buffer (Tris [pH 7.5], 150 mM NaCl, 0.5% NP-40, 50 mM NaF, 1 mM Na 3 VO 4 , 1 mM DTT, 1 mM phenylmethylsulfonyl fluoride) and twice with kinase buffer (50 mM HEPES [pH 7], 10 mM MgCl 2 , 5 mM MbCl 2 ). Then, 30 l of kinase buffer, 1 g of pRb (Santa Cruz Biotechnology) or histone H1 (Upstate Biotechnology Inc., Charlottesville, Va.) substrate, 5 Ci of [␥-
32 P]ATP (6,000 Ci/mmol), 1 mM DTT, and 5 M ATP were added to the bead pellet and incubated for 30 min at 30°C. Sodium dodecyl sulfate sample buffer was added, and each sample was boiled for 5 min and electrophoresed through acrylamide gels.
Statistical analysis. A one-way analysis of variance with a Tukey-Kramer multiple-comparison test was performed by using GraphPad InStat version 3.00 for Windows 95 (GraphPad Software, San Diego, Calif.).
RESULTS
Lack of CDK4 expression results in complete inhibition of tumor development. Overexpression of the murine c-myc gene in the basal cell layer of the stratified epithelium (K5-Myc transgenic mice) resulted in epidermal hyperplasia and hypertrophy development ( Fig. 1 and 2 ) (61) . In addition, a high incidence of spontaneous tumors was observed in the skin and oral mucosa of transgenic mice (61) . These results clearly showed that c-myc acts as an oncogene in the stratified epithelium, but the mechanisms leading to the malignant phenotype are not fully understood. Interestingly, the forced expression of CDK4 in the basal cell layer of stratified epithelium (K5-CDK4 transgenic mice) resulted in a skin phenotype similar to that of K5-Myc animals (46) . Furthermore, chemically induced skin papillomas from both K5-CDK4 and K5-Myc transgenic mice showed an increase in the rate of malignant progression to squamous cell carcinomas (47, 61) .
Several other reports have demonstrated that Myc induces the transcription of CDK4 in cell cultures and colorectal tumor samples (6, 23, 36) . In order to investigate whether CDK4 mediates the oncogenic activities of c-myc, we developed K5-Myc transgenic mice that lack the expression of CDK4 (K5-Myc/CDK4 Ϫ/Ϫ mice). These mice, along with K5-Myc/ CDK4 ϩ/Ϫ , K5-Myc/CDK4 ϩ/ϩ , CDK4 ϩ/Ϫ , CDK4 Ϫ/Ϫ , and wildtype siblings, were analyzed for the development of spontaneous tumors.
Histological analysis of mice bearing the c-myc transgene with one or two functional CDK4 alleles revealed a wide spectrum of tumors of the oral mucosa ( Fig. 3 and Table 1 ) (61). The tumors were observed in mice as young as 8 weeks old with an incidence of 100%. These tumors were classified as keratinizing odontogenic tumors, neuroblastomas, and olfactory tumors derived from the oral mucosa, odontogenic tissues, and the olfactory epithelium (Table 1) . In sharp contrast, CDK4 Ϫ/Ϫ animals carrying the K5-Myc transgene did not develop any malignancies during the 3-month observation period (Table 1) . Thus, genetic inhibition of CDK4 renders animals resistant to Myc-driven oncogenesis of the oral mucosa. No further observation was possible because the CDK4 Ϫ/Ϫ mice died at 12 to 16 weeks of age. It is likely that these mice developed diabetes mellitus, as previously reported (56, 67) . Thus, quantification and histological analysis of oral cavity tumors were performed until 12 weeks of age for all genotypes. Nontransgenic CDK4 ϩ/Ϫ and CDK4 ϩ/ϩ littermates did not show any signs of spontaneous tumor development, even when they were 12 months old.
It has also been shown that cyclin D2 expression is regulated by the c-myc-encoded transcription factor (14, 53) , but the specific role as a mediator of the tumorigenic effects of c-myc in vivo has yet to be defined. To test the requirement for cyclin D2 in Myc-driven oncogenesis of the epithelium, we crossed K5-Myc mice with cyclin D2 Ϫ/Ϫ mice (64) and generated K5-Myc/cyclin D2 Ϫ/Ϫ animals. Our analysis revealed that the cy- clin D2 Ϫ/Ϫ mice remained fully susceptible to Myc-driven tumorigenesis of the oral mucosa (Table 1) . Hence, these data suggest that cyclin D2 does not play a relevant role in the development of the spontaneous tumors observed in K5-Myc mice.
Collectively, these results indicate that CDK4, but not cyclin D2, plays a critical role in Myc-mediated tumor development.
Inactivation of CDK4 results in reduced epidermal thickness and proliferation. In order to investigate whether CDK4 also mediates the epidermal hyperproliferative phenotype triggered by Myc overexpression, we analyzed the epidermis of K5-Myc and K5-Myc/CDK4
Ϫ/Ϫ mice. The skin of K5-Myc mice showed hyperplasia (increased cell number) and hypertrophy (increased cell size), two features that contributed to the increase in the epidermal thickness observed in these mice ( Fig. 1 and 2) (61) . A lack of CDK4 expression (K5-Myc/
CDK4
Ϫ/Ϫ mice) resulted in reversion of the increased epidermal thickness observed in K5-Myc mice, although the hyperkeratosis (accumulation of keratinized cells in the epidermal surface) characteristic of Myc overexpression still persisted (Fig. 1B) . Rodriguez-Puebla et al. previously demonstrated that a lack of CDK4 expression does not affect the mouse epidermal architecture, which is similar to that in wild-type siblings (Fig. 1C) (58) . Quantification of the epidermal thickness revealed a significant reduction in K5-Myc/CDK4 Ϫ/Ϫ mice (13 m) compared with K5-Myc siblings (16.6 m), although the epidermis was still thicker than that in wild-type (11.1 m) and CDK4 Ϫ/Ϫ (10 m) littermates (the P value, determined by the Tukey-Kramer multiple-comparison test, was Ͻ0.001) (Fig. 2B) . However, the most significant difference was observed in the number of proliferative cells. The rate of keratinocyte proliferation was determined by BrdU incorporation. We found that the inhibition of CDK4 in K5-Myc mice resulted in a 40% reduction in the rate of proliferation compared to the rate in K5-Myc mice (the P value, as determined by the Tukey-Kramer multiple-comparison test, was Ͻ0.001) (Fig. 2A) . In fact, the BrdU labeling index for K5-Myc/CDK4 Ϫ/Ϫ mice was similar to that for CDK4 Ϫ/Ϫ mice ( Fig. 2A) , showing again that a lack of CDK4 reversed the K5-Myc epidermal hyperproliferative phenotype. It is worth mentioning that the epidermis of CDK4 Ϫ/Ϫ mice showed an increased level of proliferation compared with that of wild-type mice (58) .
To elucidate whether the reduced epidermal thickness observed in CDK4 Ϫ/Ϫ epidermis was also a consequence of a decrease in cell size, we measured the nuclear diameters of K5-Myc, K5-Myc/CDK4 Ϫ/Ϫ , CDK4 Ϫ/Ϫ , and CDK4 ϩ/ϩ keratinocytes. The nuclear diameter of K5-Myc mice (7.4 m) was 1.4-fold larger than that of wild-type siblings (the P value, as determined by the Tukey-Kramer multiple-comparison test, was Ͻ0.001) (Fig. 2C) . Interestingly, the nuclear diameter of K5-Myc/CDK4 Ϫ/Ϫ mice (5.5 m) was similar to that of normal siblings. These data suggest that the reduction in epidermal thickness was probably due to a combination of the decreased cell size and the decreased number of cells observed in the epidermis of K5-Myc/CDK4 Ϫ/Ϫ mice. Several laboratories have also reported that deregulated CDK4 influences cell size (19, 45) . In fact, previous results showed that CDK4 overexpression in K5-CDK4 transgenic mice leads to an increase in epidermal thickness associated with increases in both cell number and nuclear diameter (46) .
Together, these results suggest that CDK4 plays an important role in the deregulation of keratinocyte proliferation triggered by c-Myc overexpression. It is likely that this phenomenon is partially responsible for the inhibition of tumor development observed in K5-Myc/CDK4 Ϫ/Ϫ mice, although the participation of other mechanisms, such as the regulation of apoptosis and terminal differentiation, cannot be ruled out.
Expression of cell cycle proteins. To elucidate whether the increased epidermal thickness and the increased epidermal proliferation in K5-Myc-overexpressing mice were due to changes in the patterns of expression of G 1 /S-phase regulators, Western blot analysis of epidermis from K5-Myc, K5-Myc/ CDK4 Ϫ/Ϫ , K5-Myc/CDK4 ϩ/Ϫ , CDK4 Ϫ/Ϫ , CDK4 ϩ/Ϫ , and wildtype siblings was performed. The level of CDK4 protein was twofold higher in K5-Myc mice than in wild-type siblings ( . CDK4 ϩ/Ϫ mice showed half the level of CDK4 protein seen in wild-type littermates (Fig. 4, lines 2 and  4) ; however, when Myc was overexpressed in the epidermis of CDK4 ϩ/Ϫ mice, the expression of the CDK4 protein increased to a level as high as that observed in K5-Myc mice (Fig. 4, lines  1 and 3 ). These data suggest that a single functional allele of CDK4 is sufficient to produce aberrant levels of this protein in response to Myc overexpression. CDK2 and CDK6 proteins remained at the same levels in all of the mice regardless of the CDK4 status (Fig. 4, lines 2, 4, and 6 ). On the other hand, the levels of the cyclin D1 and cyclin D2 proteins were mildly increased in K5-Myc mice regardless of the presence or absence of CDK4, whereas cyclin D3 protein remain at the same level (data not shown). Deregulated c-myc expression is also linked to increased levels of cyclin A and cyclin E (16, 33, 37, 38, 54) and to the downregulation of p27
Kip1 (8, 49, 50, 68) . In agreement with those reports, we found a mild increase in the levels of both cyclin A and cyclin E in Myc-overexpressing animals compared to nontransgenic animals (Fig. 4) . On the other hand, we did not observe changes in the p27
Kip1 protein level in K5-Myc mice compared to wild-type siblings (data not shown). Together, these data demonstrate that the in vivo overexpression of c-myc in epithelial tissues results in the upregulation of several regulators of the cell cycle, including CDK4, albeit the regulation of other proteins, such as p27 Kip1 , appears to be tissue specific.
CDK4 upregulation results in the titration of p21 Cip1 and p27 Kip1 . It was previously established that CDK4 has dual functions, first as a kinase phosphorylating pRb and second as a noncatalytic protein that binds and sequesters the cell cycle inhibitors p21
Cip1 and p27 Kip1 (14, 53) . The release of these CKIs from CDK2 complexes results in the activation of CDK2 and further progression through S phase (14, 53) . The data presented here show that CDK4 is a critical mediator of the proliferative and tumorigenic activities of Myc. Therefore, in order to investigate the prevalent mechanisms for Myc-induced epidermal proliferation, we first analyzed complex formation between CDK4 and cyclin D1 in K5-Myc keratinocytes. We found that regardless of the increased levels of cyclin D1 and CDK4 observed in K5-Myc mice (Fig. 4 and 5A) , there was not a proportional increase in CDK4/cyclin D1 complex for- Ϫ/Ϫ , K5-Myc/CDK4 ϩ/Ϫ , CDK4 Ϫ/Ϫ , CDK4 ϩ/Ϫ , and wildtype siblings were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and blotted onto a nitrocellulose membrane. Primary antibodies against CDK4, CDK6, CDK2, cyclin D1, cyclin D2, cyclin A, and cyclin E were used for immunoblot analysis. Protein levels were quantified with a densitometer. (Fig. 5A) . It was previously demonstrated that transgenic mice overexpressing CDK4 show hyperproliferation through a mechanism that involves the increased binding of CDK4 to p27
Kip1 and a concomitant increase in CDK2 kinase activity (46, 47) . To address the question of whether this mechanism is also valid for K5-Myc epidermis, CDK4 and CDK2 kinase assays were performed. We found that CDK4 kinase activities were equivalent in both K5-Myc and wild-type littermates (Fig. 5B) . However, CDK2 kinase activity was fourfold higher in the epidermis of transgenic animals than in that of normal siblings (Fig.  5C, lanes 1 and 4) . In contrast, K5-Myc/CDK4 Ϫ/Ϫ mice showed diminished CDK2 kinase activity compared to K5-Myc mice (Fig. 5C, lanes 1 and 3) . This effect was manifested only in the transgenic epidermis, as nontransgenic CDK4 Ϫ/Ϫ mice showed the same level of CDK2 activity as wild-type littermates (58) .
To elucidate whether the increased CDK4 protein level results in increased levels of CDK4/p27
Kip1 and/or CDK4/ p21
Cip1 complex formation, epidermal lysates from K5-Myc and wild-type mice were immunoprecipitated with antibodies against p21
Cip1 and p27 Kip1 , followed by Western blotting with anti-CDK4 antibody. Consistent with the role of CDK4 in titrating CKIs, we observed increases in CDK4/p21
Cip1 and CDK4/p27
Kip1 complex formation (3.12-and 1.5-fold increases, respectively) in K5-Myc mice compared to normal siblings (Fig. 6) . It is worth mentioning that this effect was due to the elevated level of CDK4 observed in K5-Myc epidermis because p21
Cip1 and p27 Kip1 protein levels were not increased in K5-Myc epidermis (data not shown). These data suggest that CDK4 mediates the proliferative activity of Myc at least partly by binding to the CKIs p21
Cip1 and p27 Kip1 , releasing them from CDK2 complexes and in turn activating CDK2 kinase activity.
DISCUSSION
In the last few years, several groups have studied the role of Myc in both cell cycle progression and tumorigenesis. However, how these two events are linked is still poorly understood. In this work, we present direct evidence that Myc overexpression results in increased CDK4 protein expression, which stimulates cell proliferation and mediates tumor development. Transgenic mice that overexpress Myc in the basal cell layer of stratified epithelium developed severe epidermal hyperplasia and hypertrophy (61) . This phenotype is consistent with previous reports that demonstrated the effects of Myc overexpression on cell proliferation in vivo (69, 70) . Two other groups have also reported that the deregulation of Myc in the epidermis results in spontaneous tumor development (52, 61) . Here we show that genetic inhibition of CDK4 severely cripples the ability of the c-myc oncogene to drive cell hyperproliferation and fully inhibits tumor development. In addition, we found that a single functional allele of CDK4 is sufficient to support tumor development. It can be hypothesized that metabolic alterations in CDK4 Ϫ/Ϫ mice are the cause of the inhibition of tumorigenesis. However, Martin et al. (43) have shown that most, if not all, of the alterations observed in CDK4 Ϫ/Ϫ mice are not due to metabolic alterations associated with insulindeficient diabetes. Genetic rescue of CDK4 Ϫ/Ϫ in the pancreas restored ␤-cell proliferation without changes in the sizes of the mice, which remained small. These results demonstrate that the reduced number of cells in CDK4 Ϫ/Ϫ mice is attributable to the lack of proliferative capacity due to the absence of CDK4 (43) rather than a consequence of metabolic alterations in other tissues. Supporting this conclusion, a previous study showed normal architecture and proliferation in CDK4 Kip1 to CDK2 and a further elevation of its kinase activity. We cannot easily reconcile the differences observed in B cells and epithelial cells, but it is conceivable that the ability of E2F1 to suppress carcinogenesis is part of a tissue-specific mechanism (61) . Whatever the explanation, our studies support the idea that the lack of another positive regulator of the cell cycle, CDK4, results in the complete inhibition of carcinogenesis through a pathway that also involves p27 Kip1 . In this scenario, sequestration of p27 Kip1 and p21
Cip1 appears to play a significant role in CDK2 activation. Importantly, p27
Kip1 also plays a key role in a setting where the lack of CDK4 results in delay entry into S phase in mouse embryo fibroblasts (67) .
It is worth mentioning that odontogenic tumors are uncommon in mice (20) and in most other animals but can be induced through a variety of means, including viruses and aflatoxins (15, 28, 71) . Gibson et al. observed a high incidence of odontogenic tumors in albumin-Myc/albumin-Ras transgenic mice (30) . Thus, K5-Myc/CDK4 Ϫ/Ϫ mice provide an excellent model for studying the role of CDK4 in this process, since the lack of CDK4 results in the inhibition of odontogenic tumors. FIG. 6. p27 Kip1 /CDK4 and p21 Cip1 /CDK4 complex formation in K5-Myc epidermis. (A) Fresh protein lysates of epidermis from transgenic (K5-Myc) and wild-type (WT) samples were sequentially immunoprecipitated with anti-p21
Cip1 or anti-p27 Kip1 antibodies. Epidermal proteins were incubated with either anti-p21
Cip1 or anti-p27 Kip1 antibodies (1st), and then the supernatants were incubated again with the same antibodies (2nd). Proteins immunoprecipitated in each step were analyzed by Western blotting with antibodies against CDK4. CDK4/p21 (B) and CDK4/p27 (C) complex formation levels were quantified with a densitometer.
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Two groups have reported that Myc induces cyclin D2 expression, contributing to cell cycle progression due to an increase in the formation of cyclin D2/CDK4/p27
Kip1 ternary complexes (14, 53) . The sequestration of p27 Kip1 , a specific inhibitor of cyclin E/CDK2, results in the activation of cyclin E-associated kinase activity. In our in vivo model, the overexpression of Myc in mouse epidermis also results in a mild increase in cyclin D1 and D2 expression. However, cyclin D2 appears to be dispensable for Myc-induced tumor development and hyperproliferation. The absence of cyclin D2 in K5-Myc mice did not change the outcome of tumor formation, which was as high as that in K5-Myc littermates (Table 1 ). In addition, paraffin-embedded sections of mouse skin showed no difference in the rates of epidermal proliferation between K5-Myc and K5-Myc/cyclin D2 Ϫ/Ϫ mice (unpublished data). Also, Yu et al. showed that the lack of cyclin D2 does not result in protection against breast cancer in mouse mammary tumor virus Myc mice (74) . Thus, contrary to the in vitro evidence implicating cyclin D2 as a mediator of Myc proliferation, here we show in an in vivo setting that cyclin D2 is not required for cell proliferation and does not modulate the oncogenic effects of Myc overexpression. However, Bouchard et al. (14) and Perez-Roger et al. (54) concluded that the c-myc oncogene signals through both cyclin D1 and cyclin D2. Thus, it is possible that in the oral epithelium, Myc-driven oncogenic proliferation is mediated by cyclin D1/CDK4 and cyclin D2/CDK4 complexes. According to this scenario, the inhibition of both cyclin D1 and cyclin D2 would be required to block the oncogenic action of Myc in the oral mucosa.
Together, these results show that CDK4 plays a critical role in tumor development and epidermal proliferation, although the role of its regulatory subunit, cyclin D1, in K5-Myc-mediated tumorigenesis has not yet been investigated. Emerging evidence indicates that the wiring of the oncogenic pathways to the core cell cycle machinery is cell type specific. For instance, mammary epithelial cells critically require cyclin D1 for Rasdriven tumorigenesis (74) . In contrast, Ras can cause oncogenic transformation of fibroblasts in the absence of cyclin D1 (74), while cyclin D1-deficient skin keratinocytes show reduced susceptibility to chemical tumorigenesis (57, 59) . The results of our current study reveal that CDK4 is the critical target of the c-myc oncogene in the oral mucosa.
It is possible that in other cell types, the c-myc oncogene impinges on the core cell cycle machinery through other targets. In addition, CDK4 Ϫ/Ϫ mouse embryo fibroblasts are resistant to transformation in response to Ras activation with dominant-negative p53 expression or in an Ink4a/Arf Ϫ/Ϫ background (75) . The resistance to transformation of CDK4 Ϫ/Ϫ mouse embryo fibroblasts has been associated with the elevated expression of p21
Cip1 ; however, we did not observe increased p21
Cip1 expression in CDK4 Ϫ/Ϫ keratinocytes. It is also worth mentioning that the lack of CDK4 in mouse epidermis results in elevated CDK6 kinase activity (58) . We have hypothesized that CDK6 activity can compensate for the lack of CDK4 and is partly responsible for the mild increase in keratinocyte proliferation observed in CDK4 Ϫ/Ϫ mice ( Fig. 2A ) (58) ; however, it is clear that it cannot compensate for the lack of CDK4 in tumor development. However, it is feasible to hypothesize that increased CDK6 activity is the result of increased CDK6/cyclin complex formation and further titration of p27
Kip1 and/or p21 Cip1 . If this is the case, then elevated levels of CDK6/cyclin complexes in CDK4 Ϫ/Ϫ mice will result in at least steady levels of CDK2 activity, as we observed in CDK4 Ϫ/Ϫ epidermis (58) . Thus, the implications of CDK6 activity for the homeostasis of mouse epidermal tissue warrant further investigation.
Biochemical studies demonstrated that there is a significant increase in the binding of p21
Cip1 and p27 Kip1 to CDK4 in K5-Myc mouse epidermis, supporting a model in which an increased level of CDK4 indirectly activates CDK2 through its noncatalytic function (Fig. 6) . In contrast, we did not detect changes in the catalytic activities of CDK4, which were similar in K5-Myc and wild-type animals (Fig. 5B) . Together, these results show that CDK4 plays an important role in Myc-induced proliferation by indirectly activating CDK2. The role of CDK2 in cell proliferation was recently challenged by the fact that CDK2
Ϫ/Ϫ mice developed normally with minor phenotypic effects, mainly present during the meiotic cell cycle (11, 51) . It has also been shown that some tumor cell lines can proliferate independently of CDK2 (66) . However, the role of CDK2 in an in vivo tumorigenesis model has not been studied yet. It will be interesting to determine the role of CDK2 in Myc-induced tumorigenesis through the generation of transgenic mice overexpressing c-myc in a CDK2
Ϫ/Ϫ background. It is worth mentioning that transgenic mice which overexpress a kinase-dead mutant form of CDK4 (K5-CDK4dn) that can bind to CKIs also showed epidermal hyperplasia and increased epidermal thickness similar to those in previously reported K5-CDK4 mice (46; unpublished data). Thus, the hyperproliferation observed in the epidermis of K5-CDK4 dominant-negative mice is dependent not on CDK4 kinase activity but on CDK4 sequestration activity. These results support the idea that the noncatalytic function of CDK4 is critically involved in cell proliferation. Together, these data suggest that in epithelial tissues, deregulated Myc can induce the overexpression of several G 1 /S-phase regulators, including cyclin D1, cyclin D2, cyclin A, cyclin E, and CDK4, resulting in the sequestration of negative regulators, such as p21
Cip1 and p27 Kip1 , and leading to the activation of CDK2 kinase activity. The requirement for both Myc and CDK4 in malignant transformation was first reported by Haas et al. (32) , who described the oncogenic action of CDK4 when coexpressed with Ha-ras and Myc. In fact, they proposed that the ability of CDK4 to bind to p16
Ink4 and not its kinase activity was important for its transforming potential (32) . Rodriguez-Puebla et al. previously demonstrated that the lack of CDK4 expression also inhibits tumorigenesis in a setting in which mutations in the Ha-ras gene result in the initiation of keratinocytes (58) . Thus, these results demonstrate the potential use of CDK4 as a therapeutic target not only in Ras-but also in Myc-mediated tumorigenesis.
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